Susceptibility to CD95 (Fas/APO-1)-mediated apoptosis in human glioma cells depends on CD95 expression and unknown factors that regulate signal transduction. Thus, LN-18 cells are highly sensitive to CD95 ligand (CD95L) whereas LN-229 cells require coexposure to inhibitors of RNA or protein synthesis for induction of apoptosis. Here, we report that caspase 8 and 3 activation, poly(ADP-ribose)polymerase cleavage and apoptosis are inhibited by the lipoxygenase inhibitor, nordihydroguaretic acid (NDGA), or ectopic expression of crm-A or bcl-2. CD95L-induced glioma cell apoptosis does not involve ceramide generation. Apoptosis induced by exogenous ceramide resembles CD95-mediated apoptosis in that bcl-2 is protective but differs in that NDGA and crm-A have no effect and in that cycloheximide (CHX) inhibits rather than potentiates ceramide-induced cell death. We conclude that caspase 8 and caspase 3 activation, but not ceramide generation, are required for CD95 ligand-induced apoptosis of glioma cells and that bcl-2, crm-A and NDGA all act upstream of caspases to inhibit apoptosis.
Introduction
CD95 (Fas/APO-1) is a 48 kDa transmembrane receptor protein of the nerve growth factor/tumor ecrosis factor receptor superfamily. Activation of the receptor by its endogenous ligand, CD95L, triggers apoptosis in susceptible target cells. CD95-dependent signaling involves FADD/ MORT1 (Fas-associating protein with death domain) which binds to an interleukin 1-converting enzyme (ICE)-like protease, caspase 8/FLICE (FADD-like ICE), an upstream component of a proteolytic cascade consisting of other proteases including caspase 3/CPP32 (Chinnaiyan et al, 1995; Kischkel et al, 1995; Muzio et al, 1996; Srinivasula et al, 1996) . Caspase activation is an essential step in the CD95 signaling pathway since ectopic expression of the poxvirusderived serpin crm-A or pseudosubstrate caspase inhibitors confer protection from the cytotoxic effects of agonistic CD95 antibodies or CD95L Los et al, 1995; Hasegawa et al, 1996; Schlegel et al, 1996) . CD95 signaling may also involve ceramide generation induced by the activation of acidic or neutral sphingomyelinase (Cifone et al, 1995; Tepper et al, 1995; Hannun, 1996) . Whether ceramide generation is downstream (Gamen et al, 1996) or upstream (Mizushima et al, 1996) of caspase activation, has remained unclear.
CD95-mediated apoptosis is a novel therapeutic target for human malignant glioma (Weller et al, 1994) . CD95L-induced apoptosis of these cells is inhibited by ectopic expression of bcl-2 and by the lipoxygenase inhibitor, NDGA Wagenknecht et al, 1997) . Here, we examined the role of caspase activation and ceramide generation and their modulation by crm-A, bcl-2 and NDGA during CD95L-induced apoptosis of human malignant glioma cells.
Results
CD95L induces caspase 8 and 3 processing and PARP cleavage in human malignant glioma cells human malignant glioma cell lines were selected for this study. Bcl-2-expressing sublines have been described . Crm-A-expressing sublines were generated to study the role of caspases (Figure 1 ). LN-18 cells are highly sensitive to CD95-mediated apoptosis. LN-229 cells require coexposure to CD95L and inhibitors of RNA or protein synthesis such as actinomycin D or CHX for induction of apoptosis (Wagenknecht et al, 1997) . Exposure of these cells to CD95L (LN-18) or CD95L plus CHX (LN-229) induced time-dependent caspase 8 and caspase 3 processing as assessed by immunoblot analysis (Figure 2A ), and caspase 3-like protease activity as assessed by DEVD-AMC cleavage ( Figure 2C ). No caspase 8 or 3-like activity was detected in CD95L-treated LN-229 cells in the absence of CHX (Figure 2A and C). Caspase 1 was expressed by LN-18 and LN-229 cells but, during CD95L-induced apoptosis, caspase-1 levels did not decrease, nor was their cleavage of caspase-1, nor was caspase 1-like protease activity detected as assessed by cleavage of DABCYL-YVADAPV-EDANS, a selective substrate for caspase-1 at 20 mM concentrations (Pennington and Thornberry, 1994 ; data not shown). PARP is a substrate for caspase-mediated proteolytic cleavage in several types of apoptotic cell death (Gu et al, 1995; Casciola-Rosen et al, 1996) . Here, CD95L induced cleavage of the 113 kDa PARP molecule into 85 kDa fragments starting at 4 h in CHX-exposed LN-229 cells ( Figure 2B ), consistent with the time course of CD95L-induced caspase activity ( Figure 2C ). As shown for caspase 3 activation, CD95L alone did not induce PARP cleavage in LN-229 but in LN-18 cells (data not shown).
CD95L-induced caspase 3-like activity was blocked by the caspase inhibitors, Ac-YVAD-CMK and Ac-DEVD-CHO, at concentrations previously shown to inhibit caspase 3 (Gamen et al, 1996; Mizushima et al, 1996; Lazebnik et al, 1994) and by ectopic expression of crm-A ( Figure 2D ). Prevention of caspase activity in CD95L-treated glioma cells was associated with inhibition of cell death ( Figure  2E ± F), confirming that caspase activation is an essential step, and not an epiphenomenon, in CD95L-induced apoptosis of human malignant glioma cells, as previously reported for various non-glial cells Los et al, 1995; Enari et al, 1995) . To assess the specific step of interception of the apoptotic cascade in crm-Atransfected cells, we monitored the cleavage of caspase 8 and caspase 3 during CD95L-induced apoptosis in crm-A cells versus puro control cells. Figure 2G ± H shows that crm-A blocked caspase 8 processing as well as caspase 3 processing, thus, at an upstream event of CD95L-induced signaling.
Caspase 8 and 3 processing and PARP cleavage are inhibited by the lipoxygenase inhibitor, NDGA and extopic expression of bcl-2
Exposure to NDGA or ectopic expression of bcl-2 attenuate CD95L-induced apoptosis of human malignant glioma cells Wagenknecht et al, 1997) . Here, we asked whether NDGA and bcl-2 interfere with the killing pathway upstream or downstream of caspase activation and PARP cleavage. Either exposure to NDGA or ectopic expression of bcl-2 inhibited caspase 8 and 3 processing as well as PARP cleavage ( Figure 3A ). As expected, PARP cleavage was also prevented when the glioma cells were treated with the caspase inhibitor, Ac-YVAD-CMK (data not shown). Further, NDGA and bcl-2 inhibited activation of caspase 3 as assessed by Ac-DEVD-AMC cleavage in both cell lines ( Figure 3B and C). Consistent with an upstream NDGAsensitive step in CD95L-induced apoptosis, NDGA had to be added within 2 ± 4 h of CD95L exposure to block apoptosis ( Figure 3D ). DNA fragmentation is a rather late event during CD95L-induced apoptosis (Wagenknecht et al, 1997) . Accordingly, exposure to NDGA or ectopic expression of bcl-2 and crm-A prevented CD95L-induced DNA fragmentation ( Figure 3E ).
No ceramide release during CD95L-induced glioma cell apoptosis
Several studies in nonglial cell lines have suggested a crucial role for ceramide release in CD95L-induced apoptosis (Cifone et al, 1995; Hannun, 1996) . In contrast, we find that CD95L did not induce the formation of ceramide in LN-18 or LN-229 either in the absence or presence of CHX ( Figure 4A ). As a positive control, we confirm a significant increase of ceramide in L929 fibrosarcoma cells exposed to TNF-a (Jayadev et al, 1997) . Consistent with this negative finding in glioma cells, we observed that inhibitors of acid sphingomyelinase such as desipramine (Hurwitz et al, 1994) or of ceramide synthase such as fumonisin B 1 (Bose et al, 1995) , that is, of the key enzymes involved in ceramide generation, had no effect on CD95L-induced apoptosis. In contrast, desipramine, but not fumonisin B 1 , almost completely blocked TNF-a-induced apoptosis of L929 cells ( Figure 4B ), confirming that ceramide in this paradigm is derived from acid sphingomyelinase. Finally, we examined the effects of ceramide (50 mM) when added exogenously to the glioma cells ( Figure 4C and D). We find that ceramide-induced glioma cell killing is not blocked by NDGA, caspase inhibitors, or ectopic expression of crm-A. In contrast, coexposure to CHX, or ectopic expression of bcl-2, attenuated ceramide toxicity in both cell lines.
Discussion
The CD95/CD95L system plays a key role in the peripheral control of the immune response and has recently been implicated in maintaining immune privilege in privileged sites such as eye, testis and brain. Another area of intense research in the CD95/CD95L system involves tumor host interactions. In that regard, malignant glioma is of specific interest since its local invasive growth and lack of metastasis make a locoregionary treatment approach that targets CD95 promising (Weller et al, 1994 ). Yet, the role of the CD95/ CD95L system and has been further complicated in that these cells coexpress functional CD95 and CD95L without undergoing suicidal or fratricidal apoptosis (Weller et al, 1998) . Therefore, understanding the CD95-dependent killing cascade in glioma cells is of significant theoretical and clinical interest.
We confirm that caspase 8 and 3 activation are critical steps in the killing cascade triggered by CD95/CD95L interactions Los et al, 1995; Enari or LN-229 cells were exposed to CD95L (60 U/ml) in the absence (LN-18, LN-229) or presence (LN-229) of CHX (10 mg/ml) for various lengths of time. Immunoblot analysis of caspase 8 and caspase 3 was performed as described in Materials and Methods. Activation of caspase 8 is reflected by the occurrence of 43 kDa proteolytic product. Activation of caspase 3 is reflected by a gradual decrease of caspase 3/p32 and the time-dependent occurrence of caspase 3/p17. (B) LN-229 cells were either untreated or exposed to CD95L (60 U/ml) plus CHX (10 mg/ml) for 0 ± 8 h. Immunoblot analysis was performed as described. (C) Caspase 3-like enzymatic activity was determined in the same experimental setting by fluorimetric quantification of Ac-DEVD-AMC cleavage as described in Materials and Methods (LN-18, open squares; LN-229, CHX alone filled rhomboids; CD95L alone, filled triangles; CD95L plus CHX, filled squares). (D) LN-18 cells were preincubated with the caspase inhibitors, Ac-YVAD-CMK (200 mM) or Ac-DEVD-CHO (600 mM) for 1 h and subsequently exposed to CD95L (60 U/ml) for 6 h in the presence or absence of the inhibitors. Further, crm-A or puro control LN-18 transfectants were exposed to CD95L (60 U/ml) in parallel. Caspase 3 activity was measured as in (C). Similar results were obtained in LN-229 cells (data not shown). Data in (C) and (D) are expressed as OD units (mean and S.D., n=5, *P50.05, t-test, caspase inhibitors or crm-A compared with respective controls). (E,F) LN-18 (E) or LN-229 (F) cells were either untreated or preexposed to the caspase inhibitors for 1 h and then exposed for 16 h to CD95L (60 U/ml) alone or to CD95L (60 U/ml) plus CHX (10 mg/ml) in the absence or presence of the inhibitors. Crm-A and puro transfectants were also tested for susceptibility to CD95L-induced cell death. Viability was measured by crystal violet assay. Data are expressed as mean percentages of survival and S.D. compared with controls exposed to control supernatant, in the absence or presence of the inhibitors or CHX (n=3, *P50.05, t-test). (G,H) LN-18 (G) or LN-229 (H) puro or crm-A-transfected cells were exposed to CD95L (60 U/ml) in the presence of CHX (10 mg/ml). Caspase 8 (upper panel) or caspase 3 (lower panel) cleavage were analyzed by immunoblot analysis as described in Materials and Methods. Three caspase 8 protolytic products of 43, 26 and 18 kDa become apparent Muzio et al, 1996; Medema et al, 1997) . Cell death ensued whenever caspase activation was detected, and all pharmacological (NDGA) or genetic (bcl-2, crm-A) manipulations that inhibited apoptosis did so at the level of, or upstream of, caspase activation. Since caspase 8 or 3 were not induced by CD95L in the absence of CHX in LN-229 cells (Figure 2A) , the cytoprotective proteins responsible for resistance to cytotoxic cytokines in the absence of macromolecular inhibitors seem to act upstream of caspase activation.
Prevention of caspase activation by bcl-2 has emerged as a common finding in numerous paradigms of apoptosis (Boulakia et al, 1996; Mandal et al, 1996; Chinnaiyan et al, 1996; Smyth et al, 1996) . Here, bcl-2-mediated attenuation of CD95L-induced apoptosis of glioma cells was linked to prevention of caspase 8 and 3 activation, too ( Figure 3A) . Although in vitro studies predict that crm-A preferentially inhibits caspase 8 rather than caspase 3 (Zhou et al, 1997) , the parallel activation of both enzymes during CD95L-induced apoptosis of glioma cells ( Figure 3A) precludes conclusions on the precise target of crm-A-mediated protection from apoptosis.
Similar to bcl-2 and crm-A, NDGA inhibited the death cascade upstream of caspase 8 and 3 activation. The precise target of NDGA remains unknown. Lipoxygenase is still the major candidate since antioxidant actions of NDGA during CD95-mediated apoptosis have been excluded (Wagenknecht et al, 1997). Previously, a similar role of lipoxygenase metabolites in TNF-mediated-toxicity of L929 fibrosarcoma cells had been established by O'Donnell et al (1995) . The NDGA-sensitive step in CD95-mediated apoptosis may be specific to glioma cells since CD95-transfected L929 cells were not protected from apoptosis by NDGA (SchulzeOsthoff et al, 1994).
There was no significant increase in ceramide levels during CD95L-induced apoptosis ( Figure 4A ), and no modulation of cell death by inhibitors of acid sphingomyelinase or ceramide synthase ( Figure 4B ), suggesting that ceramide is not required for CD95L-induced apoptosis of human glioma cells. Although the toxicity of exogenous ceramide and CD95L-induced apoptosis were both attenuated by bcl-2, CHX potentiated CD95L-induced apoptosis but blocked ceramide toxicity ( Figure 4C and D), suggesting that cytoprotective proteins interfere with the CD95 apoptotic pathway whereas new protein synthesis is required for ceramide toxicity in glioma cells. Thus, ceramide may play a central role in CD95-mediated apoptosis of lymphoid cells (Tepper et al, 1995) but not of glioma cells. Further, since bcl-2 inhibited ceramideinduced cell death in the absence of caspase activity, there (n=3) compared with controls exposed to neo control supernatant with NDGA alone. (E) LN-229 cells were untreated or pretreated with NDGA (30 mM) for 1 h and then exposed to CD95L (60 U/ml) for 16 h in the presence of CHX (10 mg/ml) and in the absence or presence of NDGA. In the same experiment, bcl-2-transfected or neo control cells and crm-A or puro control cells were also treated with CD95L plus CHX. DNA fragmentation were determined as described . Data are expressed as mean percentages and S.D. (n=3, *P50.05, prevention of DNA fragmentation by NDGA or bcl-2 or crm-A compared with respective controls) is more than one biochemical pathway of antiapoptotic action of bcl-2 family proteins in glioma cells (Reed, 1997; Kroemer, 1997) .
Materials and Methods

Chemicals
[ 32 P]-g-ATP (10 mCi/ml) and [
14 C]-serine (50 mCi/ml) were obtained from Amersham (Braunschweig, Germany). NDGA, CHX, Desipramin and Fumonisin B 1 were purchased from Sigma (St. Louis, MO). Ac-DEVD-CHO was from Biomol (Hamburg, Germany). DABCYL-YVADAPV-EDANS, Ac-YVAD-CMK and Ac-DEVD-AMC were obtained from Bachem (Heidelberg, Germany). The rabbit polyclonal PARP antibody was obtained from Boehringer (Mannheim, Germany) and the rabbit polyclonal caspase-1 antibody was from Santa Cruz Biotechnology (Santacruz, CA, USA). The caspase 3 antibody (mouse monoclonal) was from Pharmacia (Uppsala, Sweden). The caspase 8 antibody (mouse monoclonal) was kindly provided by Peter H. Krammer (Heidelberg, Germany). The secondary antibodies, antirabbit IgG and anti-mouse IgG, were purchased from Sigma.
Cell lines and cell culture
The human malignant glioma cell lines LN-18 and LN-229 were kindly provided by Dr. N. de Tribolet (Lausanne, Switzerland) and maintained in DMEM containing 10% FCS, 2 mM glutamine and penicillin/ streptomycin. L929 cells were kindly provided by Peter H. Krammer. The murine neuroblastoma cell line Neuro-2A was maintained in MEM supplemented with 10% FCS, 2 mM glutamine, 1% non-essential amino acids and penicillin/streptomycin. Neuro-2A cells engineered to produce soluble murine CD95L were generated as described (Rensing-Ehl et al, 1995) . One unit of cytotoxic activity of CD95L in Neuro-2A supernatants was defined as the activity required for halfmaximal killing of the sensitive glioma cell line, LN-18. The experiments using CD95L-containing supernatants were performed using the supernatant from pooled neo vector control cells as control. Glioma cells expressing murine bcl-2 or crm-A were obtained by electroporation (Biorad Gene Pulse, 250 V, 950 mF) using the BMG/ bcl-2 and pEFR crm-A flag puro plasmids (Strasser et al, 1995) . Transgene expression was assessed by immunoblot analysis for murine bcl-2 protein and Northern blot analysis for crm-A mRNA (Figure 1 ). Experiments were performed with control transfectants harbouring plasmids without insert (neo for bcl-2, puro for crm-A).
Assessment of viability and apoptosis
For cytotoxicity assays, the cells were seeded in 96-well plates (10 4 cells/well) and allowed to attach for 24 h. In some experiments, the cells were preincubated with enzyme inhibitors for 1 h and then exposed to CD95L for 16 h in absence or presence of CHX. Growth and viability were assessed by crystal violet staining. DNA fragmentation was measured by quantitative DNA fluorometry .
Northern blot analysis
Total RNA was extracted using the RNA purification system (RNeasy, Qiagen, Hilden, Germany) according to the manufacturer's instructions. For Northern analysis, 10 mg of total RNA were electrophoresed and transferred to nylon membranes (Hybond N, Amersham, Braunschweig, Germany). Equal loading of RNA was determined by methylen blue staining of rRNA. The filters were hybridized with 32 Plabelled crm-A cDNA probes. After hybridization, the filters were washed at stringent conditions and bound radioactivity was detected on a phospho-imager using the TINA program (Fuji BasReader 1500, Raytest, Staubenhardt, Germany).
Immunoblot analysis
Immunoblot studies were performed according to standard procedures (Weller et al, 1994) . Briefly, subconfluent glioma cells treated as indicated were scraped off the dishes and harvested in PBS containing phenylmethylsulfonyl-fluoride (170 mg/ml). After centrifugation, cells were resuspended in lysis buffer (0.05 M Tris/HCl pH 8.0, 0.12 M Figure 4 CD95L-induced glioma cell apoptosis: no role for ceramide. (A) The cells were untreated or exposed to CD95L (60 U/ml) in the absence (LN-18) or presence of CHX (10 mg/ml, LN-229). L929 cells were treated with TNF-a (10 ng/ml) in the presence of CHX (10 mg/ml). Lipids were extracted at 6 h. Ceramide levels were measured as described in Materials and Methods. Data are expressed as X-fold increases over untreated cells or cells treated with CHX alone (LN-229, L929) (n=3, *P50.05, t-test). (B) The cells were not pretreated or pretreated with desipramine (250 mM) or fumonisin B 1 (100 mM) for 1 h. LN-18 cells were then exposed to CD95L (60 U/ml) alone, LN-229 to CD95L (60 U/ml) plus CHX (10 mg/ml), L929 cells to TNF-a (10 ng/ml) plus CHX (10 mg/ml). Viability was measured by crystal violet assay at 16 h. Data are expressed as mean percentage and S.D. of survival compared with controls exposed to the same reagents in the absence of CD95L or TNF-a (n=3, *P50.05, t-test). (C) LN-18 (open bars) or LN-229 (black bars) cells were not pretreated (vehicle) or pretreated with NDGA (30 mM), Ac-YVAD-CMK (200 mM), Ac-DEVD-CHO (600 mM) or CHX (10 mg/ml) for 1 h and subsequently coexposed to these agents and C2-ceramide (50 mM) for 16 h. Cytotoxicity was assessed by crystal violet staining. Data are expressed as mean percentages of survival and S.D. (n=3) compared with untreated cells or controls exposed to inhibitors only (*P50.05, t-test). (D) Bcl-2 or crm-A transfectants, or the respective neo or puro control transfectants, of the LN-18 (open bars) or LN-229 (black bars) cell lines were treated for 16 h with C2-ceramide (50 mM). Survival was determined by crystal violet staining and expressed as in (C) (*P50.05, t-test) NaCl, 5 mM EDTA, 0.5% NP40, 2 mg/ml aprotinin, 2 mg/ml leupeptin and 120 mg/ml phenymethylsulfonyl fluoride) for 15 min on ice. Lysates were centrifuged for 10 min in a microfuge at 13 000 r.p.m. and soluble supernatant proteins were used for electrophoresis (20 mg/lane).
Measurement of caspase 3-like protease activity
Glioma cells were seeded in 96-well plates at a density of 10 4 cells/ well. After stimulation with CD95L, the cells were incubated in lysis buffer (25 mM Tris/HCl pH 8.0, 60 mM NaCl, 2.5 mM EDTA, 0.25% NP40) for 10 min. Then the fluorogenic caspase 3 substrate, Ac-DEVD-AMC (12 mM), was added and the fluorescence determined in 15 min intervals using 360 nm excitation and 480 nm emission wavelengths (CytoFluor 2300).
Determination of ceramide release
Cells seeded in 10 cm 2 dishes were labeled with [ 14 C]-serine (0.2 mCi/ ml) for 48 h. The cells were washed and stimulatd with CD95L (60 U/ ml) in the absence or presence of CHX (LN-18, LN-229), or with TNF-a in the presence of CHX (L929). Lipids were extracted and separated as described (Tepper et al, 1997) . Radioactive lipids were visualized with iodine vapor, and ceramide spots scraped and quantified by liquid scintillation counting. These values were normalized against total lipid extract.
